We compared the function and composition of free-living and particle-associated microbial communities at an inshore site in coastal North Carolina and across a depth profile on the Blake Ridge (offshore). Hydrolysis rates of six different polysaccharide substrates were compared for particle-associated (43 lm) and free-living (o3 to 0.2 lm) microbial communities. The 16S rRNA-and rDNA-based clone libraries were produced from the same filters used to measure hydrolysis rates. Particle-associated and free-living communities resembled one another; they also showed similar enzymatic hydrolysis rates and substrate preferences. All six polysaccharides were hydrolyzed inshore. Offshore, only a subset was hydrolyzed in surface water and at depths of 146 and 505 m; just three polysaccharides were hydrolyzed at 505 m. The spectrum of bacterial taxa changed more subtly between inshore and offshore surface waters, but changed greatly with depth offshore. None of the OTUs occurred at all sites: 27 out of the 28 major OTUs defined in this study were found either exclusively in a surface or in a mid-depth/bottom water sample. This distinction was evident with both 16S rRNA and rDNA analyses. At the offshore site, despite the low community overlap, bacterial communities maintained a degree of functional redundancy on the whole bacterial community level with respect to hydrolysis of high-molecular-weight substrates.
Introduction
Marine bacteria determine the pathways and pace of numerous biogeochemical cycles. Heterotrophic microbial communities, in particular, are responsible for remineralizing and transforming a considerable fraction of autochthonous marine organic matter (Azam, 1998) that comprises most of the organic matter in marine systems (Hedges, 1992) . These communities convert and respire dissolved organic matter, colonize and remineralize particles and aggregates and help shape the nature and quantity of carbon and nutrients that pass from surface waters to the deep ocean.
The first step in the microbial transformation of complex organic matter (autochthonous and terrestrial) is the hydrolysis of high-molecular-weight compounds by extracellular enzymes that yields sufficiently small substrates (ca. 600 Da) for uptake into the cell (Weiss et al., 1991) . These enzymes are produced by a fraction of the heterotrophic microbial community and may also supply nonproducers with hydrolysate (Alldredge et al., 1986; Herndl, 1988; Alldredge and Gotschalk, 1990; Simon et al., 1990; Vetter and Deming, 1999) . In particles and aggregates such as marine snow, enzyme activities (and overall rates of microbial metabolism) are typically higher than in the surrounding waters, and hence are considered biogeochemical hot spots (Karner and Herndl, 1992; Smith et al., 1992; Ziervogel and Arnosti, 2008; Ziervogel et al., 2010) .
The nature and composition of aggregateassociated microbial communities compared with their free-living counterparts has therefore become a focal point of investigation (DeLong et al., 1993; Acinas et al., 1999; Crump et al., 1999; Moeseneder et al., 2001; Ghiglione et al., 2009) . However, these studies have provided little evidence of a consistent trend in community composition based solely on whether a community is free living or particle associated. Recently, it has been found that some bacterial types may switch lifestyles, depending on chemical triggers and substrate availability (Grossart, 2010) . Bacterial community composition has also been shown to vary with many other factors, such as organic matter sources, particle residence times and geographic location (Crump et al., 1999; Zhang et al., 2007; Fuhrman et al., 2008) . In addition, light or nutrient gradients have been shown to influence bacterial community composition and create zonation patterns (Wright et al., 1997; Rocap et al., 2003; Carlson et al., 2008) . Several large-scale investigations have recently confirmed a divide between community composition in surface waters (Pommier et al., 2007; Fuhrman et al., 2008; Wietz et al., 2010) and in deep waters (DeLong et al., 2006; Sogin et al., 2006; Schattenhofer et al., 2009; Agogué et al., 2011) . These bacterial community shifts are not the only source of divergent activity patterns; cell-free enzymes can at times contribute substantially to substrate hydrolysis (Somville and Billen, 1983; Vetter and Deming, 1999; Pantoja and Lee, 1999; Ziervogel and Arnosti, 2008; Baltar et al., 2010) .
In this study, we investigated the links among metabolic capabilities, particle association and microbial community composition in waters of coastal North Carolina and across a nearby offshore depth gradient. Previous investigations of particleassociated and free-living communities have relied on the use of small substrate proxies for the determination of enzyme activities (Karner and Herndl, 1992; Crump et al., 1998; Azú a et al., 2003; Zoppini et al., 2005) . Such substrate proxies provide no information on activities of endo-acting enzymes that cleave polysaccharides mid-chain, an essential step in hydrolysis of organic matter (see Arnosti, 2011 for a review). Here, we used highmolecular-weight substrates, rather than substrate proxies, to investigate the capabilities of particleassociated microbial communities. For the first time, potential enzyme activities were measured directly from the same filters used for community composition analysis.
The potential activities of polysaccharide-hydrolyzing endo-acting enzymes were the focal point because high-molecular-weight carbohydrates constitute a large percentage of phytoplankton detritus as well as marine particulate and dissolved organic matter (Painter, 1983; Benner et al., 1992; Biersmith and Benner, 1998; Lee et al., 2004) . Extracellular enzyme activities of microbial communities have been shown to vary by location and depth in the ocean (Arnosti et al., 2005; Arnosti, 2011; Steen et al., 2012) and can change through the process of aggregate formation (Ziervogel et al., 2010) . Moreover, different bacterial groups differ in their potential rates and enzymatic capabilities, as shown by bacterial isolates (Martinez et al., 1996; Wegner et al., 2013) , genomic investigation (Glö ckner et al., 2003; Bauer et al., 2006; Weiner et al., 2008; Wegner et al., 2013; Zimmerman et al., 2013) and combined measurements of enzyme activities and microbial community composition in the field (Teske et al., 2011; Arnosti et al., 2012) .
To determine the identities of the most active members of microbial communities, we constructed 16S rRNA-based clone libraries in addition to conventional 16S rRNA gene libraries. Dead or dormant organisms may still possess intact DNA (Holm-Hansen et al., 1968) , but rRNA is expected to degrade quickly in the environment. In this manner, our sequencing strategy compares particle-associated and free-living microbial communities in both a coastal and an offshore setting (Crump et al., 1999; Garneau et al., 2009) in combination with rRNAbased identification of active microbial community members (Moeseneder et al., 2001 (Moeseneder et al., , 2005 Mills et al., 2005; Ghiglione et al., 2009; La Cono et al., 2009) . By obtaining nearly full-length sequences of the 16S rRNA gene for identification of the most abundant and active bacterial community members, we were able to investigate the compositional patterns of particle-associated and free-living bacterial communities, as well as their abilities to access a range of high-molecular-weight polysaccharides. Figure S1a) . Three separate 5-l carboys were triple rinsed, and each was filled with water collected from different depths: 2 m 'surface', 146 m 'mid-depth' (sub-thermocline) and 505 m 'bottom', using a rosette of Niskin bottles attached to a Sea Bird (Bellevue, WA, USA) conductivity-temperature-depth (CTD) profiler with an SBE43 oxygen sensor and a Chelsea/Seatech/ WET Labs CStar beam transmission sensor (Supplementary Figure S1b) .
Materials and methods

Sampling and filter preparation
Water samples were gravity filtered through a 3.0 mm pore size 45 mm diameter Isopore membrane filter (Millipore Corp., Bedford, MA, USA) that was placed in a separate filter holder upstream from a 0.2 mm pore size 45 mm diameter Durapore membrane filter (Millipore Corp.) in order to separate the particle-associated from the free-living community. These filter size cutoffs were chosen following other studies that have investigated free-living and particle-attached communities (Crump et al., 1999; Smith et al., 2013) . Filtration occurred at 4 1C in the dark overnight. The coastal station sample was filtered on the day of collection. Over 17 h of filtration, 1.5-l of water passed through both filters. The gravity filtration of the offshore station carboys began on shore on 14 December, 10 days after collection. The carboys were stored at 4 1C in the dark before filtration. The surface water was filtered overnight on the first day (3-l filtered), the middepth water was filtered on the second day (3-l filtered) and the bottom water was filtered on the third day (3-l filtered). Immediately after filtration, each filter was carefully sliced with sterile razor blades, and one quarter of each filter was frozen at À 80 1C for microbial community composition analysis. The remaining three quarters of the filter were cut into 12 equal pieces for the immediate measurement of hydrolytic enzyme activities, using two pieces for each polysaccharide substrate. The microbial community collected on the filter was then immediately incubated to determine its enzymatic potential in time course assays.
Enzymatic hydrolysis measurements
To assess the potential activities and substrate specificities of different microbial extracellular enzymes in all samples, we measured the hydrolysis of six different fluorescently labeled polysaccharides by microbial communities collected on the 3 and 0.2 mm filter samples. We also measured hydrolysis in unfiltered water to assess the possible effects of filtration on hydrolysis rates and patterns. Extracellular enzymatic activities were measured (Arnosti, 1995 (Arnosti, , 2003 using six fluorescently labeled polysaccharides: pullulan, an a(1,6)-linked polymer of maltotriose; laminarin, b(1,3) glucose; xylan, b(1,4) xylose; fucoidan, a sulfated fucose polysaccharide; arabinogalactan, a mixed polymer of galactose and arabinose; and chondroitin sulfate, a sulfated polymer of N-acetyl galactoseamine and glucuronic acid. The polysaccharides (SigmaAldrich, St Louis, MO, USA) were labeled with fluoresceinamine and characterized as previously described (Arnosti, 2003) .
Hydrolysis rates were measured using sections of the same filters used for molecular analysis. The filter pieces were placed into separate incubation vials containing 30 ml of autoclaved artificial sea water (Sigma-Aldrich). Killed controls consisted of vials containing autoclaved filter pieces in autoclaved artificial sea water. Triplicate incubations were also made with unfiltered water and with filtrate (remaining after passage through the 3 and 0.2 mm filters) for all samples and for the autoclaved controls. Substrates were added to all incubations and controls to a final concentration of 3.5 mM monomer equivalent. The coastal, offshore surface and offshore mid-depth samples were incubated at room temperature in the dark. The offshore bottom water was incubated at 5 1C in the dark. For the coastal incubations, subsamples (each ca. 1.5 ml) of sea water or artificial sea water were collected immediately after the substrate addition and after 1, 2, 6, 8, 13 and 29 days. The offshore incubations were subsampled immediately after substrate addition and after 2, 7, 14, 21 and 28 days. The subsamples were filtered through 0.2 mm pore size filters and stored frozen ( À 20 1C) until analysis. Samples were measured using a gel permeation chromatography/high-performance liquid chromatography system with fluorescence detection, and polysaccharide hydrolysis rates were calculated as described previously (Arnosti, 1995 (Arnosti, , 2003 . All rates should be regarded as potential rates because added substrate competes with naturally occurring substrate for enzyme active sites. The concentration of added substrate (on a carbon-equivalent basis) was approximately equal to 10% of the coastal and 20% of the offshore total dissolved organic carbon (DOC).
For each site (coastal, offshore at each of three depths), the sum of the hydrolysis rate measured for each of the six substrates is referred to as the 'summed hydrolysis rate'. We compared the potential hydrolysis rates at day 2 and at day 7 (offshore samples) or day 8 (coastal samples), time points by which most of the activities ultimately detected had developed. Over the entire time course of the experiment (28 days coastal, 29 days offshore), maximum rates of hydrolysis for each substrate were observed at or before 13 (coastal) or 14 (offshore) days; a detailed discussion of the time course is included as Supplementary Text and Supplementary Figure S2 .
Cell counts and DOC measurements
Seawater samples were fixed with formaldehyde (2% v/v final concentration) shortly after sampling and stored at 4 1C. Bacteria were counted using 6-diamidino-2-phenylindole (0.1 mg l À 1 final concentration) as described previously (Porter and Feig, 1980) . Using an epifluorescence microscope (Olympus, Tokyo, Japan) at Â 1000 magnification equipped with a digital camera (Olympus TH4-100), cells from 10 randomly chosen frames were counted on duplicate slides. Next, 10 ml of the 0.2 mm filtered seawater samples was stored in combusted glass vials at À 20 1C for DOC analysis. The samples were thawed, and an aliquot was withdrawn and acidified with phosphoric acid (50% v/v) to measure DOC concentrations by high temperature catalytic oxidation using a Shimadzu (Kyoto, Japan) TOC-5000.
Sequencing and phylogenetic analysis
Nucleic acid extraction, PCR and reverse transcriptase-PCR, cloning, sequencing and chimera checks of nearly full-length 16S rRNA and 16S rRNA gene sequences (Escherichia coli nucleotide positions 28 to 1492) were performed according to standard methods (Dempster et al., 1999; Teske et al., 2002; Thompson et al., 2002; Huber et al., 2004 ; see Supplementary Material for details on modifications). The sequences have Genbank accession numbers JN232982 to JN233703 and JN412852, as included in the heat map (Supplementary Figure S3) . Phylogenetic trees were constructed from 38 to 55 nonchimeric sequences for each library using the SILVA Release 104 SSU Ref database from www. arb-silva.de (Pruesse et al., 2007) and the ARB Software environment, version 5.1 (Ludwig et al., 2004) . Preliminary ARB neighbor-joining trees were constructed, and clones forming long branches that were not clustering with well-documented marine pelagic bacterial lineages were manually rechecked for chimeras by BLASTing both ends separately. Operational taxonomic units (OTUs) were clustered at a 97% similarity cutoff using the furthest neighbor algorithm in mothur (Schloss et al., 2009) . For each aligned sequence data set, a model of best-fit nucleotide substitution was statistically determined using the jModeltest program (Posada, 2008 ) that uses PHYML (Guindon and Gascuel, 2003) . The Akaike and Bayesian information criteria selection strategies chose the same model for each tree, which was the General Time Reversible plus Invariant sites plus Gamma (GTR þ I þ G) distributed model. Optimal distance trees were determined using the heuristic search mode of PAUP (Swofford, 2003) and employing the maximum likelihood parameters from jModeltest for the proportion of invariant sites, nucleotide frequencies, substitution rate matrix and gamma shape. The tree topologies were checked by bootstrap analysis (using the same parameters) based on 200 replicates. A heat map was constructed using all OTUs that represented five or more sequences to show their representation percentage within each clone library (Supplementary Figure S3) . Rarefaction curves were constructed for each library using mothur (Supplementary Figure S4) . The supplementary phylogenetic trees (Supplementary Figures S5a-e ) also include the Genbank accession numbers. The FastUniFrac web program (Hamady et al., 2009 ) was used for weighted and unweighted clustering and jackknife analysis of the 16S rRNA clone libraries.
Sample storage considerations
The offshore samples were stored for 10 days before filtration in the cold and dark, conditions that may have nevertheless affected community composition, even when assuming low community turnover because of an average generation time of ca. 100 h for pelagic bacteria in open-ocean waters (Yoshinaga et al., 1991) or ca. 10 to 100 h for pelagic bacteria in coastal waters (Azam and Fuhrman, 1984; Iriberri et al., 1990) . Slow gravity filtration for 410 h may also affect RNA yields. However, the consistent detection of dominant uncultured bacterioplankton groups throughout all samples on DNA and RNA level, the strong differences in community composition in response to water mass and depth sampled and the absence of rRNA response peaks of enrichment-sensitive Gammaproteobacteria (especially the sensitive bottle enrichment marker Colwellia; Stewart et al., 2012) indicate that bottle effects in the unavoidable time interval between water sampling and cell capture by filtration were minimal. However, it is possible that the experimental design of this study has affected similarity analyses between free-living and particle-associated communities.
Results and discussion
Physical, chemical and biological characterization of offshore and coastal water masses Three different water masses distinguished by CTD profile were sampled offshore (80 km from the coast), and additional samples were obtained from one coastal site (Supplementary Figure S1a) . Offshore, at the surface, the temperature is characteristic of modified Gulf Stream surface water. The salinity maximum at mid-depth is indicative of the Subtropical Underwater layer, formed when evaporation increases salinity in Sargasso Sea surface water. This layer is relatively nutrient rich (Kameo et al., 2004) . Because of its higher density, this intermediate water mass sinks below the surface water and overlays fresher but colder water below (Worthington, 1982; O'Connor et al., 2005) . The oxygen profile from our CTD measurements (Supplementary Figure S1b) indicates an oxygenated mixed surface layer down to 70 m depth, an oxygen minimum beginning at mid-depth (110 m) and more oxygenated bottom water (below 450 m). This profile is similar to a profile measured in a previous study at nearly the same location (Cléroux et al., 2009) .
The coastal water (ca. 20 1C) was cooler than the offshore surface water (25 1C) and also less saline (ca. 34 PSU compared with 36.3 PSU). DOC concentrations offshore were similar at all depths (113±1, 81±2 and 103±37 mM DOC for the surface, mid-depth and bottom samples, respectively) and were B45% of DOC concentration at the coastal station (221±21 mM DOC).
Connecting bacterial communities and enzyme activity
The relationship between microbial communities and their extracellular activity is complex and dynamic. Differences in enzymatic capabilities in distinct regions of the ocean have been associated with differences in microbial community structure ; conversely, changes in enzymatic requirements because of substrate availability or other environmental parameters can drive changes in the structure of bacterial communities Haynes et al., 2007; Murray et al., 2007; Grossart, 2010; Burke et al., 2011; Teeling et al., 2012) . The enzymatic capabilities of microbial communities are likely controlled by a combination of specific hydrolytic capabilities of different bacterial types and feeding guilds, and their differential expression of enzymes (Arnosti, 2011) . The measurement of enzymatic activities with fluorescently labeled polysaccharides integrates these responses to bulk community functions that cannot yet be assigned to individual community members or taxonomic subgroups. Because of the time course incubations necessary for the measurement of hydrolysis rates, microbial communities can respond to substrates either by the activity of enzymes already present (associated with the cell or excreted to the environment), by the induction of enzymes or by the growth of specific members of the community. The experimental design of this study links potential substrate hydrolysis rates as community functions to community composition assessed at genus-and species-level taxonomic resolution by clone libraries that provide a measure of the extent and active members of the community at initiation of the hydrolysis experiments. In the following section we discuss inshore-offshore patterns in enzyme activities and microbial communities, depth patterns, comparisons of particle-associated and free-living communities and finally conclude by discussing the links between bacterial community composition and potential enzymatic activity.
Inshore-offshore differences in enzyme activities and microbial communities Summed hydrolysis rates in whole water after 2 days of incubation were somewhat higher in coastal than in offshore waters (Figure 1a ), but these differences in summed rates did not scale with the order-of-magnitude greater number of cells at the coastal station compared with the offshore station (Supplementary Figure S6) . A comparison of hydrolysis rates after 7 or 8 days of incubation likewise shows only moderate differences in summed hydrolysis rates between coastal and offshore surface samples (Figures 1c and d) .
The spectrum of substrates hydrolyzed, however, differed notably between the coastal and offshore stations. At the coastal station, all six substrates were readily hydrolyzed in whole water after 2 days of incubation (Figure 1a ), but only three or four of the substrates were hydrolyzed in whole water from the different depths at the offshore station. After 7 or 8 days of incubation, hydrolysis of chondroitin became evident for the surface water offshore (Figure 1c) . The spectrum of substrates hydrolyzed at the offshore station, however, remained narrower than at the coastal station, even upon extended incubation (Supplementary Figure S2) . In the particle-associated and free-living fractions, initially a narrower spectrum of substrates was hydrolyzed ( Figure 1b ) compared with the whole water (Figure 1a ), but with extended incubation time (Figure 1d ; see also Supplementary Figure S2) , the spectrum of substrates hydrolyzed in each sample became the same as initially observed for the corresponding location/depth in the whole water sample: six substrates for the coastal sample, and three or four substrates for the offshore station (compare Figures 1a and d ; note that pullulan hydrolysis was first detected in the mid-depth offshore samples after days 7/8; see Supplementary Figure S2 ).
The observation that somewhat extended incubation times were necessary to detect in the filter samples the range of activities initially observed in the whole water may be because of an initial reduction in cell numbers/activity immediately after filtration. As discussed at length in Arnosti (2003) , detection of specific enzyme activities using fluorescently labeled polysaccharides requires hydrolysis of a sufficient portion of the total added polysaccharide to a molecular weight sufficiently small for the change to be resolved by gel permeation chromatography. A smaller starting population or a temporary reduction in activity of prokaryotes thus requires somewhat more time for hydrolysis to be detectable. This idea is supported by the observation that the spectrum of substrates ultimately hydrolyzed was the same for a sample from a given location (for example, for offshore surface water) for the whole water as for the filter-fractionated water samples (FL þ PA), and that the maximum rate observed for whole water and for the filter-fractionated water samples (FL þ PA) were also similar (compare the sum of the FL þ PA rates in Figure 1d with the rates for whole water in Figure 1c) .
Similar to the patterns of enzyme activities, patterns of 16S rDNA and rRNA sequences showed spatial distinctions. In general, the 16S rDNA and 16S rRNA sequences were commonly affiliated with specific bacterial lineages characteristic for the marine pelagic environment. Full-length phylotypes in this survey could be reliably identified at genus or intragenus level when culture isolates were available. Most conspicuously, all but one of the coastal and offshore libraries from surface waters included a high proportion of Alphaproteobacteria (Figure 2 and Supplementary Figure S5a) ; the exception was the nearshore, particulate, DNA-based library (discussed below). The mid-depth and bottom libraries from colder, deeper water offshore were dominated by Gammaproteobacteria (Figure 2 and Supplementary Figure S5b) . This difference is consistent with patterns reported from other locations in the North Atlantic (Sogin et al., 2006; Lauro and Bartlett, 2008; Schattenhofer et al., 2009; Agogué et al., 2011) . The offshore and coastal surface station libraries were similar and shared the SAR11 cluster, Roseobacter, Bacteroidetes and photosynthetic groups (Figure 2 and Supplementary Figure S5c) , although Actinobacteria were found in the coastal samples but not offshore. Generally, these bacterial groups have been found in global surveys of ocean surface waters (Weitz et al., 2010) , and many of the coastal station surface groups match those found previously off Cape Hatteras (Rappé et al., 1997) . Whereas the rDNA and rRNA clone libraries from coastal surface waters were dominated by SAR11 and Roseobacter clones, respectively, other groups predominated in (Figure 2) . The particle-associated DNA library contained 33% clones closely related to the genus Pseudoalteromonas within the Gammaproteobacteria; the free-living RNA library contained 51% clones close to the genus Thalassospira within the Alphaproteobacteria.
The clone libraries showed distinct differences with depth. The mid-depth libraries from the Subtropical Underwater (Supplementary Figure  S1b) showed distinctly low diversity; their unusual bacterial communities were dominated by Gammaproteobacteria, especially phylotypes related to the genera Marinomonas, Oceaniserpentilla and Balneatrix (Figure 2 ). Sequences affiliated with these genera occurred consistently in all four (particle associated and free living, and DNA and RNA derived) mid-depth libraries; these groups were otherwise found in lower relative abundance in the offshore station bottom libraries. A cluster of clones related to the genus Oceaniserpentilla (Supplementary Figure S5b) was exclusive to the mid-depth libraries. Close relatives (99.6% nucleotide similarity) of this group, termed the Deepwater Horizon Oceanospirillales, were found to dominate water samples polluted by the subsurface hydrocarbon plume caused by the Deepwater Horizon oil spill in the Gulf of Mexico in 2010 (Hazen et al., 2010; Mason et al., 2012) . Within the widely occurring Bacteroidetes phylum, an uncultured group originally found in the Atlantic Ocean (Alonso-Sáez et al., 2006) dominated the mid-depth layer, and North Sea Flavobacterial groups (Alonso et al., 2007) Figure S5c) . In the offshore station bottom libraries, members of the genus Colwellia and the SUP05 cluster within the Gammaproteobacteria were observed (Walsh et al., 2009; Marshall and Morris, 2012) , in addition to Bacteroidetes, Actinobacteria and Deltaproteobacteria (mostly SAR324; Wright et al., 1997) . Based on singlecell genome sequencing, SAR324 (Supplementary Figure S5d) and SUP05 (Supplementary Figure S5b) were recently identified as candidate autotrophs (Swan et al., 2011) . The bottom free-living RNA library was distinct from all of the other clone libraries. This library was dominated by Actinobacteria and Deltaproteobacteria (Figure 2 and Supplementary Figure S5e) and mostly lacked the Gammaproteobacteria that dominated the other deep and mid-water clone libraries in this survey.
Depth effects
Although bacterial communities changed with depth extensively from genus-to phylum-level composition (see Supplementary Text for details), the ability to hydrolyze a particular substrate or set of substrates with depth changed more gradually (Figure 1) . A narrower spectrum (fewer substrates) were hydrolyzed at the deepest depth for all samples-particle associated, free living and unfiltered water, with the bottom water communities hydrolyzing only laminarin, xylan and chondroitin, but not pullulan (or fucoidan or arabinogalactan that were hydrolyzed at the coastal station; Figure 1) .
Greater selectivity in substrate hydrolysis with depth did not scale with changes in rates of hydrolysis of specific substrates, or with cell numbers. Laminarin, chondroitin and xylan hydrolysis rates, for example, did not change systematically with depth offshore (Figure 1) . Moreover, summed hydrolysis rates on a per-cell basis in the mid-depth and bottom waters were approximately twice as high as in surface waters (Supplementary Figure S6) . Both of these results-a disconnect between cell numbers and summed activities, and increased (calculated) per-cell enzyme activities with depth-have been observed previously (Arnosti et al., 2009; Baltar et al., 2009) . For example, cell counts in the mesopelagic ocean decreased faster with depth than hydrolytic activities (measured with small substrate proxies), such that the calculated per-cell activity increased with depth; these data implied a greater enzymatic production and demand for cellular carbon at depth (Baltar et al., 2009) . We find the same trend of increased extracellular enzyme activity per cell at depth, even with the loss of the ability to hydrolyze certain substrates (Figure 1 ). However, there was no significant reduction in summed hydrolysis rates with depth, and this is unusual compared with results from the few other investigations of polysaccharide hydrolysis over depth profiles (Arnosti et al., 2005; Steen et al., 2008 Steen et al., , 2012 . Ultimately, hydrolysis rates are a function of enzyme quantity and turnover number, parameters that cannot be defined in environmental samples with currently available techniques.
Depth-related changes in microbial community composition were quite distinct. A cluster diagram (Figure 3a ) and heat map (Supplementary Figure S3) illustrate strong partitioning between the surface water and the deepwater column communities, often on the level of specific pelagic lineages that are defined by representative 16S rRNA gene phylotypes. With the exception of phylotypes within the genus Pseudomonas, all major OTUs (with more than five sequences) were found exclusively in either a surfacewater station library (coastal or surface offshore) or in an offshore mid-depth or bottom site library (Supplementary Figure S3) . The six most commonly found OTUs, which represented 37% of all clones, partitioned in this manner. None of the OTUs was found in all of the samples; none of the OTUs was found at all depths in the offshore station. (Figure 3a) or not (Supplementary Figure S7) , most surface-water libraries form a group distinct from the subsurface water column libraries. Dendograms of enzyme activities after 2 days and after 7/8 days of incubation illustrate the evolution in hydrolysis patterns with time, with increasing separation of the coastal particle-associated fraction from the other fractions (Figures 3b and c) . The coastal particleassociated fraction developed the full spectrum of 6 activities at 7/8 days, whereas the free-living coastal fraction only showed all activities at the 13 day time point (Supplementary Figure S2) . In the mid-depth offshore libraries, all bacterial lineages represented in the DNA clone libraries were also represented in the RNA libraries (but not vice versa) (Supplementary Figure S3) . In other words, bacterial cells that contribute substantially to the DNA pool are also active, possibly indicating tight coupling between bacterial community composition and activity. This trend toward tighter coupling of bacterial presence and activity was previously attributed to decreased oxidative stress in anoxic deep water (Brettar et al., 2012) but is documented here in oxygenated deep waters. In contrast to the mid-water sample, the offshore surface and deepwater samples as well as the coastal station contain several OTUs that appear on DNA level but without counterparts in the RNA data sets, indicating some bacterial populations with attenuated activity and rRNA content, or entirely inactive populations (Supplementary Figure S3) .
Particle-associated and free-living community composition and hydrolytic activity The extent to which particle-attached and freeliving communities differ likely depends in part on particle integrity and residence time in a given location. It has been suggested that longer particle residence times, which are often found in estuaries and coastal systems, favor the development of phylogenetically distinct particle-associated and free-living groups (Crump et al., 1999 (Crump et al., , 2004 Selje and Simon, 2003; Zhang et al., 2007) , but this trend is not observed in all coastal areas (Crump et al., 1999; Garneau et al., 2009) . In contrast, Acinas et al. (1999) saw stronger differences between particle-associated and free-living bacteria at the surface than at depth (400 m) in the Mediterranean. Moeseneder et al. (2001) saw consistent differences between particle-associated and free-living bacterial communities at all depths (down to 1000 m) in the Aegean Sea, where temperature and salinity gradients were minor or nonexistent with depth. In this data set, the compositional differences between the particle-associated and the free-living communities did not change systematically with depth ( Figure 2 ). Particle-associated and free-living communities exhibited similar summed hydrolysis rates (Figures 1b and d) , although the time point at which some enzyme activities were detected differed (Supplementary Figure S2) . In any case, at each depth the particle-associated and free-living water fractions ultimately hydrolyzed the same spectrum of substrates as the unfiltered fraction (Figure 1 Figure 1 for hydrolysis rates. Pairwise Euclidean distances between the samples were calculated using the software program R. Bootstrap numbers shown are the approximately unbiased P-values that were calculated using the R package pvclust (Suzuki and Shimodaira, 2011) with the Ward method.
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Supplementary Figure S2 ). In the filtrate (o0.2 mm), hydrolysis was only measurable for laminarin, and only in the coastal station sample (data not shown), suggesting little contribution from freely dissolved enzymes to substrate hydrolysis at these locations. Similar contributions by particle-associated and free-living bacteria to the degradation of organic matter have been observed in other studies, including in the degradation of Phaeocystis biomass (Becquevort et al., 1998) and in rates of hydrolysis of bacterial isolates from the Southern California Bight (Martinez et al., 1996) . However, in some circumstances, hydrolytic activity has varied between particle-associated and freeliving bacteria (Azú a et al., 2003) .
Functional redundancy in enzymatic capabilities
Defining the complex linkages between microbial community composition and hydrolytic capabilities is important in order to understand the carbon cycling capabilities of microbial communities in the ocean. Pelagic microbial communities from diverse locations can differ considerably in hydrolytic capabilities (see, for example, Arnosti et al., 2005 Arnosti et al., , 2011 Arnosti et al., , 2012 Steen et al., 2012 ); yet, two compositionally different communities in surface and bottom waters of an Arctic fjord demonstrated similar hydrolytic capabilities and thus functional redundancy (Teske et al., 2011) . Functional redundancy in enzymatic capabilities occurs when multiple groups of bacteria share the capacity to use a substrate, often a substrate that is widely available. As an example, laminarin (a common algal storage product; Painter, 1983) was hydrolyzed quickly by all samples in this study and others (Arnosti, 2008; Steen et al., 2008; Arnosti et al., 2009) , possibly because of the wide distribution of laminarin hydrolytic capability across microbial phyla and subphyla. Several cultured marine bacteria (Pseudoalteromonas tetraodonis, Sulfitobacter pontiacus and Vibrio splendidus) that are closely related to Gamma-and Alpha-proteobacterial phylotypes in our clone libraries have been shown to grow on laminarin as a sole carbon source (Alderkamp et al., 2007) . In contrast, fucoidan hydrolysis is often minimal or not measurable in the water column (Arnosti, 2004; Arnosti et al., 2005 Arnosti et al., , 2011 Teske et al., 2011) , and fucose-containing polysaccharides have been identified as remineralization 'problems' (Amon et al., 2001 ) even though ubiquitous transparent exopolymers contain high concentrations of sulfated deoxysugars with composition corresponding to fucoidan Mopper et al., 1995) . The variable extent of functional redundancy among microbial communities thus complicates efforts to link specific bacteria with enzymatic function. This study, the first to use high-molecular-weight substrates to compare hydrolytic activity and community composition from the same filters, demonstrates several biogeographic trends of bacterial diversity and function in the marine water column:
(A) Partitioning of microbial community composition was apparent in (1) the contrast between surface waters (coastal and offshore) and offshore subsurface waters; and (2) some differences among the three offshore water depths, where vertical particle flux is evidently insufficient to homogenize the particle-associated communities across water depths. (B) The differences in the spectrum of enzyme activities between the coastal and offshore surface stations, as well as between the surface water and bottom water offshore stations, demonstrate that the extent to which a highmolecular-weight substrate is bioavailable depends on microbial community capabilities, and not just on the chemical structure of the substrate. The similarity of summed hydrolysis rates, despite considerable differences in cell abundance, suggests that mid-depth and deep water communities maintain the ability to react strongly to the presence of substrates for which they have appropriate enzymes. (C) Functional redundancy is also evident in the range of high-molecular-weight substrates hydrolyzed: regardless of the low community overlap at the genus level, bacterial communities at different water depths are apparently capable of hydrolyzing a similar set of substrates, in this case laminarin, chondroitin and xylan. Apparently, representatives of many microbial lineages may have the correct enzymes to access specific polysaccharides. (D) Nonetheless, community differences with depth are consistent with the loss of certain enzymatic activities in deep water compared with surface waters (Figure 1 ), suggesting fundamental differences in the abilities of these communities to access diverse substrates. The changing taxonomic profiles of the bacterial community in the water column ultimately translate into changing hydrolysis patterns and show the range as well as the limits of functional redundancy.
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